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ABSTRACT

We report on the observation of a nonlinear intensity dependence of the terahertz radiation-induced ratchet effects in bilayer graphene with
asymmetric dual-grating gate lateral lattices. These nonlinear ratchet currents are studied in structures of two designs with dual-grating gates :
fabricated on top of boron nitride encapsulated bilayer graphene and beneath it. The strength and sign of the photocurrent can be controllably
varied by changing the bias voltages applied to individual dual-grating subgates and the back gate. The current consists of contributions insensi-
tive to the radiation’s polarization state, defined by the orientation of the radiation electric field vector with respect to the dual-grating gate
metal stripes, and the circular ratchet sensitive to the radiation helicity. We show that intense terahertz radiation results in a nonlinear intensity
dependence caused by electron gas heating. At room temperature, the ratchet current saturates at high intensities of the order of hundreds to
several hundreds of kW cm™2. At T = 4K, the nonlinearity manifests itself at intensities that are one or two orders of magnitude lower; more-
over, the photoresponse exhibits a complex dependence on the intensity, including a saturation and even a change of sign with increasing inten-
sity. This complexity is attributed to the interplay of the Seebeck ratchet and the dynamic carrier-density redistribution, which feature different
intensity dependencies and nonlinear behavior of the sample’s conductivity induced by electron gas heating. The latter is demonstrated by
studying the THz photoconductivity. Our study demonstrates that graphene-based asymmetric dual-grating gate devices can be used as tera-
hertz detectors at room temperature over a wide dynamic range, spanning many orders of magnitude of terahertz radiation power. Therefore,
their integration together with current-driven read-out electronics is attractive for the operation with high-power pulsed sources.
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1. INTRODUCTION of THz detectors and sources. Most recently, the asymmetric comb-
like dual-grating-gate (DGG) graphene-based field-effect transistor

The terahertz (THz) frequency range is one of the frontiers of
structure yielding a noise equivalent power of several hundreds of

physics, holding great promise for progress in diverse fields, such as
solid-state physics, biology, and astrophysics. It also has tremendous nW/v/Hz has been suggested as a promising room temperature
potenﬁal in hlgh data rate wireless communications, Security apphca. detector for the use in 6G- and 7G-class high-speed wireless commu-
tions, environmental monitoring, spectroscopy of various materials, nication systems.1 Direct currents (dc) excited by THz electric fields
etc. The vast majority of these applications depend on the availability in graphene-based asymmetric DGG structures have been intensively
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studied in a wide range of frequencies from hundreds of gigahertz to
tens of terahertz.”™'' Experiments performed in DGG formed by
periodically repeated metal stripes of different widths deposited on
mono- and bilayer graphene have revealed several different sources
of the rectified current, namely, electronic ratchet effects,”'"~'® plas-
monic ratchet/drag effects,"*1%1119738 and the photothermoelec-
tric effect.”””~" It is worth noting that the two former effects have
recently been shown to be the hydrodynamic and drift-diffusion
limits of a mechanism controlled by the ratio of the
electron-impurity and electron—electron scattering rates. While dc
currents excited in graphene-based DGG structures by low-power
THz radiation have been actively studied, measurements at high-
power excitation have not been performed so far. At low intensities,
the dc current in DGG THz devices scales linearly with the radiation
intensity I; at high intensities, it can be driven in a nonlinear regime,
which has not yet been addressed, either experimentally or theoreti-
cally. The study of the photocurrent nonlinearity is important
because, on the one hand, such results provide new insights into the
mechanisms of current formation and, on the other, allow one to
define the detector’s dynamic range, an important figure of merit,
and to obtain parameters controlling it.

Here, we report the observation and detailed study of the non-
linear dc current excited by intense THz radiation in DGG devices
at room and liquid helium temperatures. Our findings show that in
most cases, the photocurrent saturates with an increase in the radi-
ation intensity. The saturation intensity depends on the potentials
applied to DGG subgates, the back gate voltage, and the tempera-
ture. It can be tuned in a wide range from fractions of kW cm~2 to
MW cm~2. Furthermore, at low temperatures and for specific sets
of voltages applied to the gates, the photocurrent shows a nonmo-
notonic intensity dependence, first saturating but then reversing its
sign at higher intensities. Our analysis demonstrates that the
observed nonlinearities are mainly caused by electron gas heating.
We show that a complex intensity dependence results from the
interplay of two microscopic mechanisms: the Seebeck ratchet
caused by inhomogeneous electron heating due to the near field
E(x) formed by the diffraction of the radiation incident on the
lateral superlattice™'** and the dynamic carrier-density redistribu-
tion (DCDR).'™* Most of the experiments have been performed
using conventional structures with a DGG formed by metal stripes
deposited on top of graphene (top DGG). Additionally, we fabri-
cated and studied devices of novel design with asymmetric DGG
structures fabricated beneath the graphene (bottom DGG), in
which the radiation directly enters the graphene layer without
having to pass through the metal grid. We show that both kinds of
DGG devices exhibit similar behavior; however, the top DGG struc-
ture has higher room temperature responsivity than the bottom
DGG. Thus, in the main body of the paper, we focus on the results
obtained for the top DGG structures, and in Appendix C, we
present and discuss the data for the bottom DGG.

This paper is organized as follows. In Secs. III and II, we
briefly discuss the essential features of our research methodology
and the top DGG sample design. The results on the THz ratchet
currents excited by low-power and high-power radiation are pre-
sented in Secs. IV and V, respectively. In Sec. VI, we show the data
on the radiation-induced photoconductivity in top DGG structures.
In Sec. VII, we discuss experimental data in view of the microscopic
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background. Section VIII summarizes the work. We complement
our paper by Appendixes B and C discussing the DCDR micro-
scopic mechanism of the ratchet current (Appendix B) and present-
ing a detailed description and discussion of the results obtained on
bottom gate DGG structures (Appendix C).

Il. SAMPLE DESCRIPTION

The devices were fabricated from exfoliated bilayer graphene
(BLG) flakes encapsulated in hexagonal boron nitride (hBN),
which were stacked onto an Si-substrate covered by 285 nm of SiO,
using the van der Waals stacking technique.”® Figure 1 shows the
cross section (a) and an optical microphotograph (b) of the BLG
sandwich (the BLG size was ~230 x 11.5um?, with top and bottom
hBN thicknesses of 40 and 80 nm, respectively) with the DGG on
top. The Si-substrate served as a uniform back gate to control the
carrier density in the range n= (0.6 —7) x 10" cm™ with a
mobility at T=4.2K of about 1.6 x 10°cm?V~ts™!. More
detailed transport characterization is given in Appendix A and can
also be found in Ref. 10, in which the same sample was studied.

The DGG is made from two electrically separated top gates,
one with wide (DGG1) and the other with narrow (DGG2) stripes.
The lateral lattice consists of six cells of period L each consisting of
wide (narrow) space and width parameters, i.e., 2 (0.5) and 1 um

(a) Sample with top DGG

t-DGG1
(Cr/Au)

Source (Cr/Au) Drain (Cr/Au)

i

hBN

<—BLG\"
©

hBN

pTSi —

t-DGG2 (Cr/Auv)

®  pGa2

t-DGG1

FIG. 1. Panels (a) and (b) show a cross-sectional sketch and top view of the
device with top DGG. The BLG structure is encapsulated in hBN and stacked
on p-type silicon covered by a silicon oxide layer. The dual-grating top gate
structure was fabricated on top of the BLG-hBN-sandwich and consists of Cr/Au
gate fingers. The red double arrow in panel (b) depicts the orientation of the
radiation electric field with respect to the source—drain (S-D) direction, which is
defined by the azimuth angle «. Panel (c) shows the measurement configura-
tion. In the experiments with pulsed laser, the voltage signal was measured
across a load resistance R, = 50 Q. In contrast for measurements with the cw
laser, the voltage drop was obtained directly across the sample.
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(0.5um), respectively. This configuration allows us to apply an
asymmetric bias voltage to the sample to control the lateral asym-
metry parameter Z by using unequally biased top gates. The double
comb-like structure was fabricated by using electron beam lithogra-
phy (EBL) and the deposition of 5nm Cr and 30 nm Au layers. To
process the contacts, prepared by EBL, the hBN was etched by reac-
tive ion etching (RIE). To reach the profile of the etched structures,
during the RIE etching processes, the gases CHF; combined with
O, were used. A controllable etching rate of about 0.8 nms~! was
achieved at optimized chamber pressure and gas ratio. Finally, Au
(80) and Cr (5 nm) were deposited.

These types of DGG have been widely used in works on THz
detectors; see, e.g., Refs. 7, 8, 22, and 29. In addition, as addressed
above, we also designed and investigated novel bottom DGG struc-
tures; see Appendix C for fabrication details and experimental
results. The periodic grating structure allows a controllable varia-
tion of the lateral asymmetry parameter,”'”

av
o |Eo(x)]?, 1

where x is the axis perpendicular to the DGG stripes, V(x) is the
electrostatic potential, and Ey(x) is the modulated electric field due
to near-field effects caused by the diffraction of the THz radiation
on the grating. In addition to the dual-grating gates, the graphene
parameters were varied by a voltage applied to the back gate. Note
that in graphene-based structures, the charge neutrality point
(CNP) may shift due to residual doping within the BLG; therefore,
the applied back gate voltage will be presented as an effective
voltage with Ugg, e = Upg — Ugg™ in the following, where Ugg™ is
the back gate voltage value corresponding to the CNP.

. METHODS

The THz-induced dc current in our devices has been obtained
applying normally incident low- and high-power radiation of line-
tunable optically pumped continuous wave (cw)- and pulsed
molecular lasers, respectively."”

The cw laser with methanol was the active medium operated
at f = 2.54 THz. The radiation power was measured with a calo-
rimeter (Scientech AC2500) and was P ~ 20 mW at the sample
position. The laser radiation was mechanically modulated by a
chopper with a frequency fiop = 140 Hz, and the radiation power
was controlled by a pyroelectric detector during the measurements.

In the pulsed laser system, we used NH; and CH;3F gases as
active media, which was optically pumped by a pulsed transversely
excited atmospheric pressure (TEA) CO, laser.**="" In the measure-
ments below, we used the frequencies f = 0.6, 1.07, 2.02, and
3.31 THz. Note that for these laser lines, the achievable intensity
maximum decreases with frequency. The duration of the laser
pulses was about 100 ns, and the repetition rate of the system was
1 Hz. The radiation peak power P was measured and controlled
during the measurements using a photon drag detector.”"

It is worth mentioning that the associated wavelengths
ranging from 90 to 496 um are about two orders of magnitude
larger than the period of the DGG structures, which ensures that
the condition required for the ratchet regimes is fulfilled.

ARTICLE pubs.aip.org/aip/jap

The Gaussian-shaped beam was focused onto the DGG gra-
phene device using an off-axis parabolic mirror. To determine the
spot size at the sample position, a pyroelectric camera was used to
monitor the laser beam. Depending on the frequency, its full width
at half maximum (FWHM) ranged from ~1.5 to 2 mm. Note that
since the spot is much larger than the sample size, it ensures an
approximately uniform illumination of the device.”” The corre-
sponding radiation intensity was obtained after I = P/S;yo, where
Sspor is the area of the beam. The highest intensity for the cw laser
system was ~W cm 2. The intensities of the pulsed laser were by
several orders of magnitude greater than the cw system, reaching
1 MW cm 2. Note that the highest intensity of the pulsed system
was obtained for f = 3.31 THz.

Figure 2 shows the experimental setup. The initially linearly
polarized radiation was modified by a half- and quarter-wave plates,
both made of x-cut quartz to achieve a controllable rotation of the
linear polarization state and to provide elliptically/circularly polar-
ized radiation. The radiation intensity was varied by using a crossed
polarizer setup consisting of two wire grid polarizers, where the
rotation of the first one modifies the radiation intensity, while the
second one is fixed to ensure unchanged output polarization.”””*

The samples were mounted in an optical temperature-regulated
continuous flow cryostat with z-cut crystal quartz windows or on a
room temperature sample holder. The source (S) and drain (D) con-
tacts were arranged in such a way that the photocurrent normal to
the dual-grating gate stripes could be detected; see Figs. 1(a) and
1(b). For most of the experiments discussed below, we measured the
photocurrent in unbiased samples; for the setup, see Fig. 1(c).
Additionally, we also examined the photoinduced change of the
sample’s conductivity. In the cw laser setup, the photovoltage
signals V,, were measured by using a standard lock-in technique,
while modulating the incoming radiation with an optical chopper.

This resulting signal V,, is related to the photocurrent as i
J = Vpn/Rs, where Ry is the sample resistance. In the case of pulsed ;

excitation, the photocurrents were measured as a voltage drop
across a load resistor R;, = 50, and the photocurrent is obtained

optical
mylar beam components
splitter  e.g. waveplate

’
FIR N _)_. ______ E
beam e 4
chopper (cw) —»ﬁ _ﬂ__

reference b
€¢--- J A

detector

sample cryostat

FIG. 2. General sketch of the measurement setup. Depending on the measure-
ment, the optical components may include linear polarizers for a variation of the
radiation intensity, half-wave or quarter-wave plates, and, in the case of the cw
laser, an optical chopper.
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as J = Vpu/Ry. For the photoconductivity measurements, the
samples were additionally biased by a dc bias voltage of
Uge £ 0.03V. Consequently, in this case, the measured signal con-
sists of photocurrent and photoconductivity contributions. While
the photocurrent signal is independent of Uy, the photoconductiv-
ity signal is proportional to the bias voltage. This allowed us to
extract the photoconductivity signal by taking one half of the signals
obtained for negative and positive biases, which eliminates the pho-
tocurrent contribution.

IV. PHOTOCURRENTS AT LOW-POWER EXCITATION

We start with the data obtained at low-power excitation for a
frequency of f = 2.54 THz. Figure 3(a) shows the photoresponse
normalized to the radiation intensity obtained as a function of the
azimuth angle o measured at room temperature labeled in the fol-
lowing as RT. The polarization dependence is exemplarily shown
for unbiased back- and subgates of the top DGG. The data points

-

(a) t-DGG sample

VN e e

f =2.54 THz
T=RT

0.2

Upger =0
Uwpon =0/0V

90°
Azimuth angle, «

— U O Q8 = O3 —

0.3
(b) t-DGG sample

f =2.54 THz

J/I (nAcm /W)
o

0 L 1
0° 45° 135° 180°

Upg, et =0
Uipcain =0/0V

o
\]
T

T=RT
O L 1 1
0° 45° 90° 135° 180°
Angle, ¢

FIG. 3. Photocurrent J normalized to the radiation intensity / measured at room
temperature at a frequency of f = 2.54 THz. Panel (a): ratchet current as a function
of the azimuth angle « obtained at zero effective back gate voltage corresponding
to the charge neutrality point and both top subgates unbiased. The solid line is
fitted according to Eq. (2). It demonstrates that the ratchet current excited by linearly
polarized radiation consists of two contributions Jp// = 1.2 nAcm? W=" and
J1/I = 0.78 nAcm? W-". Note that a possible contribution J, is negligible. Double
arrows on the top illustrate the state of polarization for several values of azimuth
angles a. Panel (b) shows the polarization dependence of the photocurrent
obtained by rotating of the lambda-quarter plate by the angle ¢. The solid line is
fitted according to Eq. (3). It shows a large contribution of the circular ratchet
current Jgirc /I = 0.73 nA cm? W=". Double arrows, ellipses, and circles on top illus-
trate the state of polarization for several values of angle ¢. Upper arrows labeled as
o' and o~ indicate the photocurrent magnitude measured for right- and left-
handed circularly polarized radiation, respectively.
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can be fitted well by
J =Jo + Ji cos2a + ], sin 2a. )

This behavior is characteristic for the THz excited ratchet currents
investigated in DGG structures; see Refs. 2, 3, 10, and 29. Here, ],
corresponds to the polarization-independent part, which is called
the Seebeck ratchet effect, whereas the second and third terms are
two contributions to the polarization-dependent linear ratchet; for
a review, see Ref. 13. A fingerprint of the ratchet effect is the photo-
current dependence on the asymmetry parameter Z. For zero top
gate voltages, the photoresponse is due to the non-zero Z stemming
from the asymmetry of the intrinsic built-in potential, which
results from the metal stripes of different widths on top of the
encapsulated BLG. In DGG structures, the parameter Z can also be
controllably varied by applying bias voltages, U;-DGG1 and
Ue-DGG2, to the individual subgates t-DGG1 and t-DGG2. This is
clearly demonstrated in Fig. 4, where one top gate voltage was con-
tinuously changed, while the other was kept at zero voltage. Panel
(a) shows the polarization independent contribution, J,, while
panel (b) shows the polarization-dependent ratchet response, Ji.
Here and in the following, we focus on the ratchet contributions J,
and J; since J, is more than one order of magnitude smaller.
Figure 4 clearly shows that the variation of an individual subgate
voltage, and, consequently, the variation of the lateral asymmetry

parameter Z, changes the sign of the photocurrent sign in the

2
(a)
B
5
é 0 32000
= Urpoar =0 U, =0
SO -1 t-DGG sample hee
> f=254THz | |
Ugg, et =0 .
§ 1 L (b) I _“‘\%:;: RT
§ 0 %,
é Uinoe =0
~ -1
{
_2 L 1
2 -1 0 1 2

Effective top gate voltage, U, peain (V)

FIG. 4. Normalized ratchet photocurrent contributions Jy and J; as a function of
the top gate voltages Ui-DGG1/2. The data are obtained at room temperature
by varying the bias voltage applied to one of the subgates while keeping the
other at zero bias. The individual contributions Jy and J; were extracted from
the total photocurrent exploiting the differences of their polarization dependen-
cies; see Eq. (2). Panel (a) shows the polarization-independent contribution
according to Jy = [J(@ = 0) + J(a = 90°)]/2. In panel (b), the polarization-
dependent ratchet term is given by J; = [J(a = 0) — J(a = 90°)]/2. Note that
in these measurements, the parameter J, is negligible.
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vicinity of zero bias and increases the photocurrent magnitude with
increasing subgate voltage.

In addition to the Seebeck and the linear ratchet currents, we
detected the circular ratchet effect, which is manifested by the
opposite sign of the photocurrent induced by the right- (") and
left-handed (o~) circular polarization where the Seebeck ratchet
remains constant and the linear one vanishes. Figure 3(b) shows
the dependence of the photoresponse on the rotation angle ¢ at
room temperature measured at a frequency of f = 2.54 THz and
keeping all gates at zero bias. The opposite helicities are marked by
vertical arrows. The data points can be fitted well by

7= +]1(COS4QD+ 1)

J> sindep

+ ]circ sin Z(P-

3)

ARTICLE pubs.aip.org/aip/jap

intensities, the photocurrent linearly increases with the radiation
intensity (not shown). By using the pulsed laser system, we have
been able to increase the radiation intensity by up to five orders of
magnitude, ie., up to hundreds of kW cm 2. Such a drastic
increase in the radiation intensity results in nonlinear behavior of
the photocurrent. Measuring the photocurrent at room tempera-
ture, we found that it saturates with the increase of the radiation
intensity I. Figure 5 shows the intensity dependence of the ratchet
current J, obtained for negatively biased t-DGG1 and zero biased
t-DGG2. This sequence of subgate voltages yields a high asymmetry
parameter E and, hence, high ratchet current, as shown in Fig. 4.
The data can be fitted well by an empirical equation

Al

2 2

Here, Jr. determines the amplitude of the circular ratchet effect. It
is important to point out that the magnitudes Jy, J;, and J, are the
same as in Eq. (2), and the polarization-dependent part corre-
sponds to the transformation of the Stokes parameters’ corre-
sponding to the 1/4 plate setup.”

V. HIGH-POWER INDUCED RATCHET CURRENTS

The results described so far have been obtained by applying
low-power radiation ranging in fractions of W cm™2. At these low

15+ (a) f = 1.07 THz +-DGG sample
° T=RT
U,
331 0% 7,
P'S L 2

Uipcoin =-2/0V

0 L I
0 50 100 150 200
Intensity, / (kWem )
6 ® 1
" £
—_ I = n L] L]
sl A5
f=0.6 THz
0 1 I 1 1 1
0 10 20 30 40 50 60

Intensity, 7 (kWem )

FIG. 5. Intensity dependencies of the polarization-independent ratchet current
Jo measured at room temperature with zero effective back gate voltage
Uss =0, U-DGG1 = —2V, and U;-DGG2 = 0. Panel (b) shows an enlarge-
ment of the data at f = 0.6 THz, where the intensity of our laser system is
limited to ~60 kW cm—2. The solid curves are fits according to Eq. (4) with two
fitting parameters: the low-power amplitude A and the saturation intensity /s.
These parameters are plotted in Fig. 14 as a function of the excitation
frequency.

J

(4)

T14IL

where the amplitude A and the saturation intensity I; are used as
fitting parameters. The parameter A describes the photocurrent
amplitude in the linear regime (I < I;). The magnitude of A,
detected in pulsed measurements at frequencies 1.07 and 3.31 THz,
is close to that obtained in low-power cw measurements at a fre-
quency of 2.54 THz; see Figs. 4(a) and 5(a), respectively. The data
show that A decreases with increasing frequency, while the satura-
tion intensity I; increases with increasing f. This behavior is dis-
cussed in detail in Sec. VII. Saturation is also observed for the

15

Jo» Unaain = -2 V/0 LI =
10 - = g
= : o ] ° o ° ] g
S| pomommmomrer B L %o T TETO8
0 Ji> Uipgain =02V ¢ 2
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FIG. 6. Intensity dependence of the polarization-independent ratchet current Jy
and the linear ratchet current J; measured at room temperature and
f =1.07 THz. The data are presented for zero effective back gate voltage
Uss =0 and two combinations of top gate voltages. The solid and dashed
lines are fits based on Eq. (4). Note that for the solid and dashed lines, the top
gate voltages U-DGG1 and Ui-DGG2 are reversed. The fitting parameters are
as follows: for Jo at U-DGG1/2=—2/0V, A=0.39uAcm?kW—', and
Is =40.1kWcem=2 (black solid line); for Jo at U-DGG1/2=0/-2V,
A=0.62uAcm? kW', and I = 38.1 kW cm~2 (black dashed line); for J; at
U-DGG1/2 = —2/0V, A = —0.47 uAcm? kW', and /s = 5.3kW cm~2 (red
solid line); for J; at U-DGG1/2=0/—2V, A=0.74uAcm?kW-!, and
Is = 7.6 KW cm~2 (red dashed line).
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linear ratchet effect J;; see Fig. 6. This figure also shows that the J;
and J; contributions always have opposite signs. As expected for
the ratchet current, the sign of these contributions reverses when
the gate combination is inverted. Applying o* and o~ polarized
radiation, we observed that the intensity dependence of the circular
ratchet current is also well described by Eq. (4). The corresponding
data and the fits are shown in Fig. 7. The circular photocurrent was
calculated as half the difference between the photocurrents excited
by right- and left-handed circularly polarized radiation.

Now, we focus on the data obtained at T = 4 K. The inset in
Fig. 8 shows the polarization dependence of the photocurrent
excited by linearly polarized radiation of moderate intensity. In
spite of the fact that this dependence is similar to that obtained at
room temperature and is well described by Eq. (2), at T = 4K, the
photocurrent is mainly dominated by the polarization-independent
contribution Jy > J;, J,. Therefore, below, we concentrate on exam-
ining the functional behavior of Jp.

Figure 8 shows the dependencies of J, on the effective back
gate voltage for different subgate voltages combinations. All the
curves change their sign near the CNP (see corresponding sheer
transport curves). The sign change of the photocurrent results
from the sign change of the majority carriers at the CNP. The
functional dependencies of the ratchet currents are odd with
respect to the carrier charge; therefore, a transfer from hole to

6
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FIG. 7. Intensity dependence of the circular ratchet current Jg. measured at
room temperature with zero effective back gate voltage Ugg e =0,
Ui-DGG1 = —2V, and Ui-DGG2 = 0. Panels (a) and (b) show the data for the
radiation frequency 3.31 and 0.6 THz, respectively. The solid curves are calcu-
lated according to Eq. (4) with two fitting parameters: the low-power amplitude A
and the saturation intensity /. These parameters are plotted in Fig. 14 as a
function of the radiation frequency. The dashed lines represent linear fits of the
low-power photocurrent.
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electron conductivity leads to an inversion of the ratchet current
direction. The data presented in Fig. 8 demonstrate that
the curves with inverted subgate voltages have consistently oppo-
site signs; see solid and dashed curves for U,-DGG1/U;-DGG2 =
—2V/0 and U-DGGI1/U-DGG2=0/—2V in Fig 8(b).
Opposite ratchet current directions for these subgate voltage
combinations originate in the sign change of the lateral potential
gradient dV/dx and, consequently, the asymmetry parameter =
[see Eq. (1)]. Figure 8(b) illustrates that when a high negative bias
voltage is applied to the subgates (U;-DGG1/2), the ratchet
current behaves in a non-monotonic way: it increases with
Ugg, eff> reaches an extreme, and then decreases or even changes
the sign (as shown by the solid and dashed black curves).
Studying the resistance of the samples, we found that, apart from

6@ P AN B Sy
S | Ugr=13V 115
_ “lu =2/0V
Uepoarz = 2 -DGG12
4t ST 5 4 /=10kWem a
")
Do 2
—~ ] -
2 2} = 8 0=
=2 0° 45 90°  135°  180° g
~ Azimuth angle, o g
0 N .%
2
t-DGG sample
T=4K .
-4 f=0.6 THz ‘ 0
‘ 7=0.4 kWem ™
10
‘\"\_,""\ N ] a
—~ ~\\ S
El S
< I
z
5]
o~
! 0

5 10
Effective back gate voltage, Upg o (V)

FIG. 8. (a) and (b) Dependence of the photocurrent contribution Jy on the
effective back gate voltage Ugg, e Mmeasured at the radiation frequency of
06THz, T =4K, and different top gate voltage combinations
U-DGG1/U-DGG2. The data were obtained at a moderate radiation intensity of
0.4 kW cm=2. The thick lines in the corresponding colors depict the sample
resistance. It is worth noting that the resistance curves (solid and dashed) in
panel (b) almost coincide. Here, the solid and dashed resistance curves corre-
spond to Ui-DGG1/U-DGG2 = —2/0V and 0/ — 2V, respectively. The inset
shows the dependence of the photocurrent on the azimuth angle o obtained
for a radiation intensity of 10kWem=2 for gate voltage combinations of
Uss, eff =11.2V, Ui_pssr = 2V, and Ui_pgez = OV. The red solid curve is
a fit according to Eq. (2) with fitting parameters, Jy = —5.85 uA, Ji = 0.9 uA,
and J, = —0.1 zA. Double arrows on the top illustrate the state of polarization
for several values of the azimuth angles a.
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FIG. 9. Dependencies of the photocurrent on the top gate voltages Ui-pgs1 (red
squares) and U.pgez (blue circles) for a radiation intensity of 2.5kWcm=2, a
radiation frequency of 1.07 THz, and a back gate voltage of Ugg, eff = 11.2V.
To measure the dependence on U-paer (Urpeasz), the other top gate voltage
was set to zero as indicated near the curves. The red and blue dashed lines
are introduced as a guide for the eye. The thick gray line depicts the corre-
sponding sample resistance as a function of Ui-pgg1, while the Ui-pgsz was kept
unbiased.

a maximum at the CNP, it increases drastically at high negative
U;-DGG1/2, see black lines in Fig. 8, i.e., for the gate voltages at
which the peculiarity of the ratchet current is detected. This addi-
tional increase can be understood qualitatively in an extended
capacitor model; see Refs. 57 and 58. While the back gate acts on
the entire graphene flake, the top gates only couple to the gra-
phene regions underneath, shifting the CNP only in those
regions. If the top gates are biased, the carrier concentration in
the regions directly below is changed, resulting in an additional
resistance peak in the back gate sweep.

A double sign inversion of the ratchet current is also found by
studying the top gate voltage dependencies; see Fig. 9. Here, the pho-
tocurrent exhibits two characteristic sign changes: One of them takes
place around zero top gate voltage, while the second sign change is
observed around the CNP. While the sign inversion of the photocur-
rent in the vicinity of the CNP is discussed above and corresponds to
the change from positively charged holes to negatively charged elec-
trons, the sign inversion around zero top gate voltage is caused by the
reversal of the lateral potential gradient dV /dx. A consistently oppo-
site sign of the traces obtained by varying U;-DGG1 and U,-DGG2,
see red and blue traces in Fig. 9, is also caused by the sign variation
of Z. Indeed, biasing the wide (t-DDG1) while keeping the narrow
(t-DGG2) fingers at zero bias results in an opposite sign of = with
respect to the configuration in which t-DGGL is held at zero potential
and t-DGG2 is biased. In fact, in these configurations, we have an
opposite sign of dV/dx oc E. Note that this peculiar dependence on
the asymmetry parameter is a fingerprint of the ratchet effect.

Increasing the radiation intensity substantially changes the
effective back gate dependencies. Figure 10 exemplarily shows Jp
as a function of Upg, ¢ff obtained for different radiation intensities
and two sequences of top subgate voltages. The figure shows
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FIG. 10. Dependencies of the photocurrent contribution Jy on the effective back
gate voltage Ugg, e measured for a radiation frequency of 0.6THz and different
radiation intensities. Panel (a) shows the data obtained for zero bias at both top
gates, while panel (b) displays the data for U;_pgg1 = —2V, keeping t-DGG2
unbiased. The thick gray lines on both panels represent the corresponding
sample resistance.

highly nonlinear behavior of the ratchet current, which varies
with back and top gate voltages; for example, Fig. 10(a) shows
that at negative back gate voltages and zero biased top gates, the
signal remains almost unchanged by the increasing of I by chang-
ing the intensity from 10 to 44 kW cm~2, while for high positive
back gates, an increase in the intensity even changes the sign of
Jo. For Ui-DGG1/U-DGG2 = —2V/0, the situation reverses, see
Fig. 10(b); now, the sign change with increasing intensity is
clearly seen at negative gate voltages and the ratchet current satu-
rates at high positive gate voltages. To study these nonlinearities,
we measured the intensity dependencies for different sequences of
gate voltages.

We begin with the gate voltages at which the current saturates
with increasing I. Figure 11 shows the photocurrent measured at
different frequencies, low back gate voltage (Ugg, e = 1.4 V), and
top subgate voltages equal to U;-DGG1/U;-DGG2 = —2V/0. The
ratchet current follows the fit curves calculated using the empirical
formula, see Eq. (4), used above for the room temperature data.
These fits describe roughly the intensity dependencies at moderate
intensities. Compared to the room temperature data, see Fig. 5, the
amplitude of the unsaturated current (I <<I;) at f = 0.6 THz
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FIG. 11. Dependencies of the photocurrent contribution Jy for the top gate
voltage combination Ui_pggt/2 = —2V/0. The data are obtained for several
radiation frequencies and an effective back voltage of 11.2V. Panel (b) presents
an enlargement of the data for f = 0.6 and 1.07 THz, where the intensity of our
laser system is limited to ~60 and 250 kW cm~2, respectively. Solid curves are
fits calculated after Eq. (4) using the low-power amplitude A and the saturation
intensity /5, where values and frequency dependencies are plotted in Fig. 14.
Note that the fits reflect the trend and describe the data for moderate intensities
in a rough way. The saturation parameter /s used for these fits is about
10kWem~2 for f = 0.6 THz and increases with frequency as s oc w?; see
Fig. 14 and the corresponding discussion.
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FIG. 12. Intensity dependencies of the photocurrent Jy obtained for a radiation
frequency of 0.6THz, an effective back gate voltage of 11.2V, and different com-
binations of the top subgate bias voltages. The solid curves are fits according to
Eq. (5). The fitting parameters for the blue curve are A = —5.95 uA cm? kW,
Isa =09kWem=2, B=0.11uAcm?kW=", and Isg = 3 x 102 kW cm2
and the red curve are A= —1.9uAcm®kW—!, I, = 0.5kWcm2,

B= —1.6uAcm*kW-", and Isg = 3.6 KW cm=2.

VI. THz PHOTOCONDUCTIVITY

increases by an order of magnitude and shows an even stronger
reduction with increasing frequency. This behavior will be dis-
cussed in detail in Sec. VII. Strikingly, for a particular set of top
gate voltages, we found that Eq. (4) does not apply at all. Several
examples are shown in Fig. 12 depicting Jo(I) measured at a high
back gate voltage (Upg, eff = 11.2'V) and three subgate combina-
tions. It demonstrates the nonmonotonic dependencies of the
ratchet current and even changes sign with increasing radiation

intensity;

see traces

for U,-DGG1/U;-DGG2 = —2V/0 and

U;-DGG1/U;-DGG2 = 0/ — 2V. We found that the data can be
well fitted by an empirical formula

J

= + )
1+1I/Ix 1+1/Lp

Al BI

()

with amplitudes A and B and the corresponding saturation intensi-
ties I, 4 and I, as fitting parameters; see Fig. 12. This indicates that
different mechanisms are involved in the generation of the photo-
current. Below, we show that a two mechanism assumption is valid
for the whole set of low-temperature data and indeed is in line with
the microscopic theory. However, the dependence of the functional
behavior is more complex, and one must consider that the parame-

shows that the radiation induced electron gas heating and a conse-
quent change of the conductivity of the sample should be taken
into account to describe both the saturation processes and the
intensity dependent amplitude A.
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Further analysis of the intensity dependence, see Sec. VII,
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FIG. 13. Dependence of the photoconductivity signal on the radiation intensity
for different gate voltage combinations and an effective back gate voltage of
11.2V. The solid lines are a guide for the eye. The inset shows the dependence

of the Ao/o on the top gate voltage Ui-pge1-

ter A is I-dependent.
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FIG. 14. Frequency dependencies of the low-power ratchet current amplitude A,
panel (a), and the saturation intensities /s, panel (b), measured in the top DGG
device for Ugg near the CNP and Ui-DGG1/2 = —2/0V. Solid and dashed
lines show fits according to J oc A oc 1/(1 4 w?7?) (a) and s o< (1 4 w?7?)
(b). The momentum relaxation times z are obtained from transport measure-
ments, and the sample’s temperature is indicated close to each curve.

Therefore, we performed additional measurements of the pho-
toinduced change of the sample’s conductivity Ao (bolometric pho-
toconductivity). Figure 13 shows the intensity dependence of the
normalized photoconductivity Ac/c obtained under the same con-
ditions as the photocurrent data presented in Fig. 12. The data show
that depending on the combination of the top subgate voltages, the
photoconductivity is either positive (conductivity increases upon
heating, Ao /o > 0), see traces for U;-DGG1/U;-DGG2 = 0/— 2V
and U,-DGG1/U;-DGG2 = —2V/0, or negative (conductivity
decreases upon heating, Ac/o < 0). The sign inversion is also
clearly present in the dependence of Ac/o(U,-DGG1); see the inset
in Fig. 13. All these observations clearly show substantial
radiation-induced electron gas heating, which, under certain condi-
tions, results even in a change of the scattering mechanisms; see the
inset in Fig. 13. Furthermore, Fig. 13 demonstrates that the photo-
conductivity depends nonlinearly on the radiation intensity. It satu-
rates at high positive and negative Ui-DGGI1, while for high
negative U;-DGG?2, the behavior becomes nonmonotonic approach-
ing its maximum at about 5 kW cm™2. Below, we will discuss this
behavior in more detail.

VII. DISCUSSION
A. Low-power results

The theoretical analysis performed in Refs. 2 and 10 shows
that the photocurrent is caused by a combined action of a spatially

ARTICLE pubs.aip.org/aip/jap

periodic in-plane potential and the radiation spatially modulated
due to near-field effects of the diffraction on the DGG stripes. The
ratchet effect is controlled by the lateral asymmetry parameter
Z oc dV(x)/dx; see Eq. (1). In the top DGG devices, this parameter
can be controllably varied by applying the voltages U;-DGGI1 and
U;-DGG2 to the individual subgates. Note that switching the gate
voltage from U;-DGG1 >0, U-DGG2 =0 to U;-DGGI =0,
Ui-DGG2 > 0 leads to a change in the sign of Z and, as a conse-
quence, to a reversal of the photocurrent direction, as illustrated in
Fig. 4. This confirms that the photocurrent is caused by the ratchet
effect.

It is known that the ratchet effect can have three contribu-
tions: the polarization-independent ratchet current J;, the one
defined by the relative orientation of the electric field vector E and
the DGG stripes (linear ratchet, J;), and the circular ratchet, Jirc,
the direction of which is defined by the radiation helicity and
inverses by changing from right- to left- circularly polarized radia-
tion. All three contributions have been detected in both top and
bottom DGG devices. The corresponding polarization dependen-
cies are shown in Figs. 3, 18, and 19.

In the THz range, the ratchet currents are typically caused by
the indirect intraband optical transitions (Drude-like absorption),”
which scale with the radiation frequency as 7°™% oc 1/(1 + 0?72).
The decrease of the ratchet current amplitude with increasing fre-
quency is observed in both types of devices at room temperature®’
and T =4 K. Our results reveal that the current amplitude in the
bottom DGG device is about ten times smaller than that in the top
DGG; therefore, in the following, we focus on the latter device. The
frequency dependence of the low-power ratchet current amplitude is
shown in Fig. 14 together with the fits after J oc A oc 1/(1 + w?7?).
The momentum relaxation times used for the fits correspond to the
transport momentum relaxation times measured in the same struc-

tures studied in Ref. 11. It also corresponds well to the literature data :
for BLG without a DGG structure; see, e.g., Ref. 61. Note that since ;

the DGG is lying on top of the hBN-BLG-hBN, the momentum
relaxation time in such structures can be shorter than in unstructured
BLG samples. The fits demonstrate that the ratchet current is well
described by the frequency dependence of the Drude absorption.

The above conclusions, which are general for the ratchet photo-
currents, are also valid for the ratchet currents obtained in the
bottom DGG device, as discussed in Appendix C. However, the
lateral asymmetry parameter Z and, consequently, the ratchet current
in the novel device are additionally controlled by the back gate
voltage. This is because the applied back gate voltage is periodically
screened by the conductive DGG graphite stripes, which results in
periodic lateral potential and, therefore, affects the parameter =.

B. High-power results

Increasing the power of the radiation by five orders of magni-
tude did not change the functional behavior of the THz-induced
ratchet current. In fact, at high power, the characteristic ratchet
current behavior, such as J oc Z, back gate, and the polarization
dependencies, remains qualitatively unchanged. This is shown for
the top DGG structure in Figs. 6 and 8-10.

An important difference, however, is that the ratchet current
magnitude behaves nonlinearly as the radiation intensity increases;

1G:/L:¥L €202 Jeqwiedeq L0

J. Appl. Phys. 134, 123102 (2023); doi: 10.1063/5.0165248
Published under an exclusive license by AIP Publishing

134, 123102-9


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

see Figs. 5-7 and 10-12. In all cases, the signal initially increases
linearly with the radiation intensity and subsequently either satu-
rates (in most cases) or approaches maximum and changes sign.
We note that the magnitude of the linear-in-I amplitude of the
ratchet current corresponds to that of the cw low-power THz laser
and exhibits the frequency dependence, which is characteristic for
the Drude absorption; see Fig. 14(a). Therefore, we will focus on
the intensity dependence of the photocurrent.

First, we discuss the results obtained in devices at room tem-
perature. Figures 5 and 7 show that at room temperature, the ratchet
current grows with increasing intensity I and saturates at high inten-
sity. The overall intensity dependence can be well fitted by Eq. (4)
with saturation intensity I; depending on the radiation frequency f.

Analysis of the fit functions showed that the saturation inten-
sity changes as I, oc (1 + @?7?) and that the values of the relaxation
time 7 are those used for the fits of the ratchet current amplitude
A oc pPrude This is shown for the top DGG device in Fig. 14(b). In
the frequency range studied, I; increases from 10 to 500 kW cm 2.
These results indicate that DGG-based detectors of THz radiation
have a high dynamic range, remaining linear at room temperature
for at least up to 100 kW cm 2.

The observed saturation of the ratchet current is attributed to
the absorption bleaching caused by the electron gas heating. The
bleaching of the Drude-like radiation absorption in graphene has
recently been observed in experiments on nonlinear ultrafast
THz spectroscopy in monolayer graphene,’” as well as for photo-
galvanic currents in bilayer’” and twisted”’ graphene structures.
The range of frequencies (0.4-1.2 THz) and radiation electric fields
(2-100kV cm™!) used in our study is similar to those used in
Refs. 54, 62, and 63. These works show that the absorption bleach-
ing is well described by the empirical formula

-1
77Drucle oc (1 + £) , (6)
I
where the saturation intensity I; is proportional to the Drude
absorption cross section and the reciprocal energy relaxation time.
This proportionality describes the observed frequency dependence
of the saturation intensities in both types of devices well; see
Fig. 14(b) and discussion above.

Now, we turn to the ratchet photocurrent nonlinearity
detected at low temperatures. Intensity dependencies obtained for
both types of devices at different combinations of the DGG sub-
gates and back gate voltages are shown in Figs. 11 and 12. The data
demonstrate that under most experimental conditions, the ratchet
current saturates with increasing radiation power. However, the
functional behavior of the photocurrent becomes more complex.
Figure 11 shows the intensity dependencies obtained in top DGG
devices at T = 4K together with fits based on Eq. (4). The fits
allow us to extract the low intensity current magnitude A and
reflect the trend of the signal to saturate. For high intensities, the
fits agree only roughly with the data. Both the low-power current
amplitude A and the occurrence of saturation exhibit a stronger fre-
quency dependence as compared to the room temperature data.
Corresponding dependencies for the top DGG structure are shown
in Fig. 14, which are well described by A oc n°rd oc 1/(1 4 w?7?)
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and I; o< (1 + w*7%) with the momentum relaxation times 7 = 3 ps
obtained from transport measurements; see Ref. 11.

The saturation of the ratchet photocurrent can also be attributed
to electron gas heating. For complementary THz photoconductivity
results, see Fig. 13. The observed photoconductivity is caused by
radiation-induced electron gas heating and the associated mobility
reduction. Figure 13 shows that the photoconductivity depends highly
nonlinear on the radiation intensity and is either positive or negative
depending on the combination of subgate voltages. Opposite signs of
the photoconductivity demonstrate that the electron gas heating
decreases the sample’s resistivity (positive photoconductivity) or
increases its resistivity (negative photoconductivity) revealing the pres-
ence of two different scattering mechanisms. This is confirmed by
measuring the sample’s resistance as a function of the temperature
demonstrating that at low temperatures and a certain combination of
gate voltages, the dR/dT changes its sign with increasing temperature.
In photoconductance measurements, this results in a transition from
positive to negative photoconductivity.’

This sign change, originating in electron gas heating, solely
describes the complex nonlinearity of the polarization-independent
ratchet current, Jy. Indeed, one of the well known mechanisms is
the Seebeck ratchet current, which stems from inhomogeneous
electron gas heating by the near field E(x) caused by the diffraction
of the radiation incident on the lateral superlattice. The electron-
phonon scattering followed by the radiation absorption causes the
position-dependent electron temperature characterized by the peri-
odic profile 8T (x) oc |E(x)\2. According to Refs. 2, 44, and 64, the
Seebeck ratchet current density is given by

Jdo eTTy

_Eﬁmu +(00)?] @

Jx=

Here, E is, as before, the asymmetry parameter [see Eq. (1)], 7 is
the electron energy relaxation time, and o(T) is the temperature-
dependent conductivity. Indeed, on the one hand, the photocurrent
is proportional to the Drude absorption, which saturates as the
radiation intensity, whereas on the other hand, the photocurrent is
proportional to do/OT. Consequently, a sign change of the photo-
current shown in Fig. 12 can result from the sign inversion of
Ao /o with increasing I. However, this contradicts the experiment’s
findings, which demonstrate that the photoconductivity saturates
without changing the sign (Fig. 13) for appropriate gate voltage
combinations where sign inversion is detected (Fig. 12).

All these observations show that the sign inversion is caused
by the interplay of two different mechanisms of the ratchet current.
In fact, another mechanism responsible for current formation has
been introduced in Refs. 13, 45, and 64 and is called the dynamic
carrier-density redistribution (DCDR). Here, an ac electric field
E(x)exp(—iwt) + c.c. with near-field amplitude |E(x)|, which is
applied to an electronic system with static potential V' (x), results in
a  space-periodic, time-oscillating  carrier-density = profile
ON(x, t) = SN, (x)exp(—iwt) + c.c.; see Appendix B. Accordingly,
the corresponding photocurrent is described by*’

3.3
DCDR __ = er

. m(l + Pp), (8)
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containing both polarization-dependent (ocP;) and independent
parts with equal amplitudes. The equation shows that, like the
Seebeck ratchet effect, it is proportional to the Drude absorption
but in contrast independent of do/OT. Consequently, the Seebeck
and the DCDR ratchet effects are characterized by different nonlin-
ear contributions. Furthermore, the direction of the corresponding
currents is opposite; therefore, an increase of the radiation intensity
can change the sign of the current, indicating that one mechanism
becomes dominant. The interplay of different ratchet current
mechanisms together with the nonlinearity of the BLG conduc-
tance makes it difficult to describe the ratchet current nonlinearity
observed in low temperature measurements analytically.
Nevertheless, our data show that the ratchet current behaves line-
arly with increasing radiation intensity up to a couple of kW cm™2
and more. This fact, together with the substantial increase of the
ratchet current magnitude, demonstrates that also, He-cooled DGG
devices can efficiently be used for the THz radiation detection.

While the interplay of the Seebeck- and DCDR-ratchet effects
describes the experimental data well, we agree that the plasmonic
drag effect’ may also contribute. Calculations in Ref. 2 show that
its contribution is expected to be somewhat smaller than that of the
electronic ratchet effect in the frequency range studied, while at the
same time, it may become essential at low frequencies. The inten-
sity dependence of the plasmonic drag effect is, on the one hand,
defined by the saturation of the Drude absorption, but on the other
hand, however, can also be affected by other types of nonlinearities.
A consideration of the nonlinearities of the plasmonic drag effect is
beyond the scope of our work.

So far, we presented and discussed the results for the top
DGG structures. However, our research on the ratchet effect in the
bottom DGG (see Appendix C) demonstrates that the origin and
the nonlinearity of the ratchet current are general, yielding qualita-
tively similar findings across different device designs.

VIll. SUMMARY

In summary, we investigated asymmetric DGG THz ratchet
devices based on BLG with two different designs. The ratchet
current consists of three contributions: polarization-independent,
linear, and circular ratchet effects.

Our findings show that the photoresponse in these structures
is linear up to high radiation intensities, ranging from several hun-
dreds of kW cm™ at room temperatures and tens to hundreds
kW cm™2 at 4K. At higher intensities, the nonlinearity occurs due
to radiation-induced electron gas heating. For high back gate volt-
ages, the current magnitude is proportional to the Drude absorp-
tion and, therefore, increases with decreasing frequency as
1/(1 + @*t*). Under most conditions, the ratchet current saturates
with increasing radiation intensity. The saturation intensity
depends on the bias applied to the DGG subgates as well as on the
back gate voltage. An increase of these voltages leads to an increase
of the current magnitude and the saturation intensity. At room
temperature, the saturation is well described by the empirical
formula Jo oc 1/(1 + I/I;) with the parameter I, oc (1 + w?7?). At
low temperatures, the behavior of the photocurrent becomes more
complex and, in some cases, even exhibits a sign change with
increasing radiation intensity. The complex behavior at low

ARTICLE pubs.aip.org/aip/jap

temperatures is attributed to the interplay of two microscopic
mechanisms of the ratchet photocurrent formation: the Seebeck
ratchet effect and the dynamic carrier-density redistribution mech-
anism. The top and bottom DGG structures exhibit qualitatively
similar overall functional behavior of the induced THz ratchet
current. However, when comparing the magnitudes of the ratchet
current at low power, it becomes evident that the bottom DGG
devices exhibit significantly lower responsivity; see Appendix C. As
a significant conclusion, we provide compelling evidence that the
asymmetric graphene-based DGG structures, which have been
recently proposed as high-speed, sensitive room temperature THz
detectors, exhibit a linear photoresponse even at very high radiation
intensities reaching the order of hundreds of kW cm 2.
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APPENDIX A: TRANSPORT AND 0
MAGNETOTRANSPORT o 2 4 6 o 2 4 6

Due to the DGG structure on top of the BLG device, the electron
transport and magnetotransport measurements were limited to the
two-terminal method. A low ac current I,, = 0.1uA at f = 12Hz
was applied through a 10 MQ series resistor, and the voltage drop was
recorded with a lock-in amplifier. Figure 15(a) shows the sheet resistiv-
ity of the top DGG BLG structure at T = 4.2 K as a function of the
back gate voltage Upg for different symmetrically biased top gates
defined as U;-DGG = U,-DGG1 = U,;-DGG2. The contact resistance
amounts to approximately 30 €, which is by orders of magnitude
smaller than resistance of the DGG BLG structure; therefore, it does
not affect much the results. All curves show clear maxima, which cor-
respond to the CNP. At a higher back gate, hence, higher carrier
density, the resistivity drops substantially. The application of U;-DGG
to the DGG structure, see blue and red curves in Fig. 15(a), results in a
small shift of the CNP and a decrease of its resistivity. The latter is
confirmed by Fig. 15(b), where the resistivity is shown as a function of
the applied top gate biases U;-DGG1/2. Here, one top gate was swept
(as indicated in the figure), while the other as well as the back gate
were kept at zero bias.

Figure 16(a) shows the sheet resistivity of the top DGG struc-
ture measured as a function of a perpendicularly applied magnetic
field. The traces were obtained for various back gate voltages
ranging from 6 to 11V, keeping simultaneously the top gate at zero
bias. Due to a two-point measurement geometry, the magnetoresis-
tivity is a superposition of the longitudinal, Hall, and contact resis-
tance contributions. For better analysis, the Hall contribution was
subtracted, providing the oscillatory part Ap plotted in panel
Fig. 16(b). The resistivity decreases with increasing Upg, while the
SAHO is shifted toward higher fields. The carrier concentration was

Magnetic field, B (T) Magnetic field, B (T)

FIG. 16. Panel (a) shows the magnetic field dependence of the two-terminal
sheet resistivity p measured in the top DGG structure at T =4.2K and
U-DGG1/2 = 0/0V. The data are presented for different effective back gate
voltages. In panel (b), the corresponding oscillatory parts Ap are shown. These
were obtained by subtraction of the Hall contribution indicated as an example
for the yellow colored trace in panel (a) by the dashed black line. The curves
are offset for clarity.

obtained from the period of the Shubnikov-de Haas oscillations by
a standard fast Fourier technique. It gives the gate-coupling factor
a =6 x 10" cm™2 V=1, The discussed transport characteristics are
similar to those found in the literature; see, e.g., Refs. 65-68.

APPENDIX B: DCDR MICROSCOPIC MECHANISM OF
THE POLARIZATION-INDEPENDENT AND LINEAR
RATCHET CURRENTS

The dynamic carrier-density redistribution considers a space-

periodic profile of the carrier density induced by the THz radiation.
The model of this effect has been discussed in Ref. 13 in which it was :

focused on the origin of the linear ratchet effect. In general, however,
the ratchet current has an additional polarization-independent contri-
bution Jo, which is of importance for the description of the nonmo-
notonic photocurrent intensity dependence. In the frame of this
model, the ac electric field E(x)exp(—imt) + c.c. with the near-field
amplitude E(x) applied to the electronic system being in the space-
periodic static potential V(x) results in a space-periodic time-
oscillating profile SN(x, t) = SN, (x)exp(—iwt) + c.c. It satisfies the

[ continuity equation
@ Uipoe = 2 () Uinger =0
3 2f 0, -1 +1V 3 —iweSN,(x) + %m,umx(x) =0, (B1)
G G
< < 1t Uingar = 0 . . .
Q 1f S — where §o0,(x) = V(x)Jo,/der with 6, = 09/(1 — io7) being the
U -1 VE complex conductivity. This means that the following time-oscillating
0 . & BG.eff — * . density profile is formed:
4 -2 0 2 4 2 -l 0 1 2

Back gate, Ugg (V) Uipear / Uipea (V)

FIG. 15. Two-terminal sheet resistivity p of the top DGG structure as a function
of back and top gate voltages at T = 4.2K, panels (a) and (b), respectively.
The measurements were performed for Ui-DGG = Ui-DGG1 = U-DGG2.

_ 20p[wrcos(owt) — sin(wt)] dV(x)
NG ) = eweg[1 + (01)?] dx

E«x).  (B2)

This expression shows that due to retardation, the density profile
oscillates partially in phase with the electric field: SN oc wzcos(wt).
Taking into account this density profile, the dc electric current is
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given by

iNaN(x, DE.(x, ), (B3)

where the bar denotes averaging in both time and spatial periods.
With account for both valley and spin degeneracy of BLG, this yields

26373

ah*m[l + (071)?]

-DCDR _ =
Jx -

(B4)

|ex|2-

Finally, we obtain the photocurrent containing both the
polarization-dependent (ccPp) and independent parts, which have
equal amplitudes,

e’
a*m(1 + (07)*]

DCDR __ =
Jx -

1+ Pyp). (B5)

APPENDIX C: RESULTS ON GRAPHENE DEVICES WITH
BOTTOM ASYMMETRIC DUAL-GRATING GATES

The main text is aimed to the ratchet effect in the top DGG
structures, which have been studied extensively in relation to the
THz ratchet effect and THz detectors. Below, we present the results
of the study of the ratchet effects in a novel design DGG structure
that has been fabricated beneath bilayer graphene.

1. Description of samples

Figure 17(a) shows the cross section of the structure. The
bottom dual grating gate was fabricated out of a graphite (5-10
layers) located beneath the encapsulated BLG. After mechanical
exfoliation of the graphite layer, it was deposited onto a highly
doped silicon Sit* with 285nm of SiO,. Subsequently, EBL was
used to fabricate the pattern for the DGG within the graphite layer,
followed by oxygen plasma etching at low pressure; thereafter, the
process was finalized by a lift-off. As a next step, the
hBN-encapsulated BLG was deposited directly on the interdigitated
gate structures. The BLG flake has a size of 27 x 14 um?* covered
by 35um top and 40 um bottom hBN. Last, the electrical contacts
were fabricated by using the EBL technique, including a RIE system
with a sulfur hexafluoride (SFs) process gas for etching of the hBN
layers and by metal deposition (0.2nm of Cr and 80nm of Au) on
the BLG. An optical microphotograph of the device is shown in
Fig. 17(b). The interdigitated periodic structure consists of two
bottom gates: a wide (b-DGG1) and narrow (b-DGG2) gate with
lum/0.5um width and 2upm/0.5um spacing parameters.
Consequently, an asymmetric lateral lattice is obtained from six
cells of recurring gate fingers and spacings in between with a char-
acteristic period L. The bottom subgates are electrically isolated
from each other so that individual biasing of b-DGG1 and
b-DGG2 was possible. Application of voltages U,_pce: and
Ub-pca2 allows one to tune the lateral asymmetry parameter =.
The devices were excited by normal incident THz radiation,
and the photocurrent was measured from S and D contacts; see
Figs. 17(b) and 17(c). Furthermore, as we show below, in the
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(a) Sample with bottom DGG

Source (Cr/Au) Drain (Cr/Au)

hBN
b-DGG1 ‘J
(Graphite)

=-BLG [V
b-DGG2 (Graphite)
(b) ()

Y——o
1 4
& ; L
b-DGG1

FIG. 17. Panel (a) shows the cross section of the bottom DGG device. The
inter-digitated dual-grating gate is made of graphite (green) separated by hBN
(blue). The hBN-encapsulated BLG (red) structure is stacked on top of the
DGG. Panel (b) shows the optical mircophotograph of the structure. The
azimuth angle o defines the orientation of the radiation electric field (red double
arrow) with respect to the S-D direction (horizontal dashed line). Panel (c)
shows the measurement configuration. In the experiments with pulsed laser, the
voltage signal was picked up across a load resistance R, = 50 Q, whereas for
measurements with the cw laser, the voltage drop was directly obtained across
the sample resistance.

bottom DGG structures, the lateral asymmetry parameter is also
controlled by the unstructured back gate.

2. Photocurrents at low-power excitation

The photocurrent detected in the devices of this design shows
all characteristic features of the ratchet effect and, in fact, behaves
similarly to that one excited in conventional top DGG devices
described in the main text. The inset in Fig. 18 shows the depen-
dence of the photocurrent on the orientation of the radiation elec-
tric field vector. The data are obtained for room temperature and
low-power excitation with a radiation frequency of f = 2.54 THz.
Alike for the top DGG devices, the polarization dependence can be
well fitted by Eq. (2) with a negligible current contribution J,. The
comparison of the inset in Fig. 18 (b-DGG sample) with Fig. 3(a)
(t-DGG sample) shows that both J; and J; detected in the bottom
gate device are about one order of magnitude less than those in the
top DGG structures. Even despite the fact that in the top DGG
structures, the back gate voltage was zero, whereas the data in the
bottom DGG were obtained for a high back gate voltage of
Usg, eft = 30V; see Fig. 18. While being clearly detected and well
described by Eq. (3), the circular ratchet photocurrent, see Fig. 19,
is also about an order of magnitude less than that detected for the
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b Uy-pea12 = 0/0
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(=]

b-DGG sample 8

L Uppaain =000

30 20 -10 0 10 20 30
Effective back gate voltage, Upg o (V)

FIG. 18. Dependencies of the photocurrent contributions Jy and J; on the effec-
tive back gate voltage Ugg, eff measured at low-power radiation with a fre-
quency of 2.54THz at room temperature and both bottom gates at zero bias.
The inset shows the dependence of the photocurrent on the azimuth angle « at
a back gate voltage of Ugg, eff = 30V and zero bottom gate biases. It demon-
strates that the ratchet current excited by linearly polarized radiation consists of
two contributions Jo/I = 9.2 pAcm? W-" and J; /I = 6 pAcm? W-". Note that
a possible contribution J, < Jy, Js. The thick gray line depicts the correspond-
ing sample resistance.

— 0 O Q8 8 O

b-DGG sample
g T=RT
. Pt
< "
& N ]
S | /=254 THe
ST | Usngan = 0/0 TG-
0° 45° 90° 135° 180°
Angle, ¢

FIG. 19. Polarization dependence of the photocurrent obtained by rotation of
the lambda-quarter plate by angle ¢. The data are obtained at low-power radia-
tion of a cw laser operating at f = 2.54 THz, room temperature, and all gate
voltages are equal to zero. Upper arrows labeled as o™ and o~ indicate the
photocurrent measured for right- and left-handed circularly polarized radiation,
respectively. The solid curve shows the fit after Eq. (3). It demonstrates a large
contribution of the circular ratchet current Jgro/I = 3.3 pAcm? W—". Double
arrows, ellipses, and circles on the top illustrate the state of polarization for
several values of angle ¢.

%\ %\10 Upg,er =30V T=RT

% : _
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S Azimuth angle, (°) g
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t-DGG devices; see Fig. 3. These observations demonstrate that, at
room temperature, the bottom gate design is less favorable for THz
radiation detection than the top DGG one. Despite the unfavorable
reduction of the device responsivity, we present the results obtained
in this structure due to its novel design, which was not investigated
and analyzed so far (all previous studies were aimed at the top
DGG design).

Figure 18 shows the back gate dependence of the photocurrent
Jo. Strikingly, a variation of the effective back gate voltage results in
a reversal of the photocurrent direction at rather high positive gate
voltages Ugpg, eff = 15V. This is in contrast to the results for the
top gate structures, in which the sign inversion has been detected
in the vicinity of the CNP, see Refs. 2 and 10, or, e.g., Fig. 8. This
difference, however, can be explained by simple qualitative argu-
ments. While the variation of the back gate homogeneously
changes the carrier type and density in the t-DGG devices, the
bottom gate potential applied to the BLG sheet in the b-DGG
structure is periodically screened by the conductive graphite sub-
gates. Consequently, a variation of the back gate voltage results in
the changing of the lateral asymmetry parameter = and may even
result in the formation of lateral p — n junctions. The interplay
between the density modulation and the changes of the lateral
parameter asymmetry may result in a complex back gate depen-
dence; e.g., the expected change of the photocurrent sign in the
vicinity of CNP may be compensated by simultaneous changes of
the magnitude and sign of the parameter Z.

3. High-power induced ratchet currents

For high intensities, the qualitative behavior of the bottom
gate device is similar to that in top DGG structures. Figure 20

1.0 - b-DGG sample, Upg o =26 V

Uy paayn =2 V/0, T=RT
0.8+
J(THz)

<06 | = 06
> o 1.07
~

0.4

0.2 0 200

\_,/ Intensity, 7 (kWcm ™)
0 1 1
0 500 1000 1500

Intensity, / (kWem?)

FIG. 20. Dependencies of the photocurrent contribution J, at a bottom gates voltage
combination of Uy_pgg1/2 = —2V/0. The data were obtained at several radiation
frequencies and an effective back voltage of 26V. The inset presents a zoom-in of the
data for f = 0.6 and 1.07 THz, at which the intensity of our laser system is limited to
~60 and 250 KW cm~2, respectively. Solid curves are fits after Eq. (4) with two fitting
parameters. The low-power amplitude A and the saturation intensity /s are as follows:
for f = 0.6 THz, A = 6 nAcm? KW—" and I = 1200 kW cm~2; for f = 1.07 THz,
A=108nAcm?kW~"' and /s =4500kWem2; and for f = 2.02 THz,
A=0.79nAcm? kW="and I = 10000 kW cm~2.

1G:/L:¥L €202 Jeqwiedeq L0

J. Appl. Phys. 134, 123102 (2023); doi: 10.1063/5.0165248
Published under an exclusive license by AIP Publishing

134, 123102-14


https://pubs.aip.org/aip/jap

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

6L b-DGG sample
T=4K La 10
4- /=0.6 THz <
—~ _ <
U, =0V
é 2 b-DGG1/2 10 g 5
< ol A g —~
O — /=10 kwem 2|\ | s 2 <
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FIG. 21. Dependencies of the photocurrent contributions Jy on the effective -10 BG, eff L ! _ L
back gate voltage Ugg, ¢ Measured at a radiation frequency of 0.6THz, different 0 50 100 150 200
radiation intensities, and a bottom gate voltage U,_pgg1/2 = 0/0. The thick . 2
gray line depicts the corresponding sample resistancl;. peeuz 3 Intensity, /7 (kWem™)
5 ®)  Uypear (V) T=4K, Uypge =0
-0.5A Upg, e =299V

shows the intensity dependence of the photocurrent J, measured at
room temperature at several radiation frequencies. While the data 1

can be well described by Eq. (4), the saturation intensities are dras- %F:

tically higher than that detected for top DGG structures and the - 0 £=2.02 THz
current behaves almost linear at the whole range of radiation = a1k -
intensities. —

At low temperature (T = 4K), the nonlinearity is clearly ot Y o
observed and the overall behavior is well described by Eq. (4); see N g
Figs. 22(a) and 23. This type of nonlinearity is detected for almost -3 . ! w L §
the whole range of the back gate voltages, see Fig. 21, showing the 0 100 200 300 400 g
dependence of J on Ugg, eff measured for different radiation Intensity, /(kWem '2) S
intensities while keeping both bottom DGGs at zero bias. Figure 21 §
demonstrates that the p ho.tocurrent reverses 1ts sign 1n the v1c1n1t.y FIG. 22. Dependencies of the photocurrent contribution Jo on the radiation inten- a
of the CNP as well as at high back gate voltages, i.e., behaves quali- sity obtained for different frequencies an effective back voltage of -20.9V,
tatively similar to J; detected at room temperature, see Fig. 18. Ub—pegz = 0 and different values of the bottom gate voltage Up_pgg: indicated
Note that now the ratchet current amplitudes remain lower but by numbers close to each curve. Solid curves in panel (a) are fits after Eq. (4).
become comparable to that for top DGG. Also, the saturation The fiting parameters for f=06THz are A=0.6xAcm’ kW' and
intensities at T = 4 K, which are much lower than that detected at ls = 35kWem 2 (3 V). Here and below, the numbers in parentheses are valugs

. of Uy_pget. The fitting parameters for f = 1.07 THz are A = 0.09 uA cm? kW'
room temperature, become comparable to that in the top DGG and Iy = 215 KWom 2 (3V); A — 0.115 A cm? KW-" and I, — 37.9 kW om-2
device. These findings are illustrated in Figs. 22(a) and 23 for data (1V);, A= —0.115 uAcm27kW*1 and Iy =33.7kWem 2 (—1V); and
obtained at Upg, eff = —29.9V and 32V, respectively. Alike in the A= —0.16uAcm? kW-" and s = 60 kKW cm=2 (—1.5V). Solid curves in panel
top DGG device for certain gate sequences, we observed that the (b) are fits after Eq. (5) with fiting parameters: A = 0.94 uAcm? kW-" and
photocurrent changes its sign with increasing radiation intensity, Isp = T0kWem 2, B = —0.81 zAcm’ KW " and Iys = 86 kW em ™ (—15 V);

A=1415Acm? KW-" and fyy = 12.86kWem 2, B = —1.01 uAcm? kW'
hot ¢ formati and g = 21.2kWom=2 (=21 V), A=0.75uAcm®kKW-" and lyy = 5.4
photocurrent formation. KWom=2, B = —0.34 uAcm? kW~ and fys = 24 kW em2 (—1.2 V).

see Fig. 22(b), indicating that two mechanisms contribute to the

4, THz photoconductivity

To investigate the electron gas heating, we studied the becomes higher than the radiation photon energy, and conse-
THz-radiation-induced photoconductivity measured in bottom quently, possible final states of the direct optical transitions become
DGG devices. Figure 24 shows the bottom gate voltage dependence occupied. Therefore, at high gate voltages, the THz photoconduc-
of the normalized photoconductivity Ao/o measured at different tivity is caused by the change of the sample’s mobility due to the
intensity levels. In the vicinity of the CNP, the photoconductivity is electron gas heating (u—photoconductivity or bolometric effect). In
positive and is mostly caused by the interband optical transitions  this bottom gate voltage range, the photoconductivity is negative at

resulting in the generation of electron-hole pairs. Far from the high intensities. However, at low intensities, the photoconductivity
CNBP, this process vanishes because the Fermi energy increases and is negative at low Uy_pggi but changes its sign at gate voltages
J. Appl. Phys. 134, 123102 (2023); doi: 10.1063/5.0165248 134, 123102-15
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FIG. 23. Dependencies of the photocurrent contribution J; on the radiation
intensity. The data are obtained at a radiation frequency of 1.07 THz, an effec-
tive back voltage of 32V, Up_pesz2 = 0, and different values of the bottom gate
voltage U,_pge+ indicted by numbers in the legend. Solid curves are fits after
Eq. (4) with fiting parameters: A= —0.082uAcm?kW-' and
s =60kWem=2 (—2V); A= —0.11uAcm*kW-" and s = 20 kW cm—2
(-15V), A=011uAcm?kW-" and Js=146kWem=2 (0.5V); and
A = 0.068 A cm? kW= and /s = 209 kW cm~2 (3 V). The numbers in paren-
theses are values of U,_pga1-

|Ub—pGa1| between 1 and 3V and becomes positive at higher gate
voltages; see blue and green curves in Fig. 24(a). This change of
sign is also seen in the intensity dependence of the photoconduc-
tivity, which is displayed in the inset of Fig. 24(a). The observed
sign inversion of the photoconductive response reflects the change
of the scattering mechanisms due to the variation of the bottom
gate voltage (inversion of sign at low intensities and U,_pgai
between —1 and —3 V) or even the radiation intensity [the inset in
Fig. 24(a)]. To explore this feature, we measured the bottom gate
dependence of the dc resistance for different temperatures; see
Fig. 24(b). In addition, the inset shows temperature dependencies
of the resistance extracted from the traces in Fig. 24(b) for three
bottom gate voltages. This plot reveals that while at the CNP, the
sample resistance gradually decreases with increasing the tempera-
ture; at high negative/positive bottom gate voltages, it behaves non-
monotonic: it first decreases with raising T, approaches minimum,
and then starts to increase. This behavior indicates a temperature
dependent change of sign of the first derivative OR/OT (9o /OT).
In photoconductive measurements, this change of behavior results
in a transition from the positive to negative photoconductivity.
Such a transition is clearly seen in the inset of Fig. 24(a) demon-
strating that an increase of the radiation intensity results in the
change of the sign of Ac/o.

Comparing the intensity dependencies of the photoconductive
signal and the ratchet effect, we see that alike in the top DGG
structures, they may behave qualitatively different; for instance,
while the photocurrent saturates and remains without a sign
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FIG. 24. Panel (a): Dependencies of the photoconductivity on the bottom gate
voltage Up-peet (Ub-neez = 0) at different radiation intensities and an effective
back gate voltage of 32V. The inset shows the intensity dependence of the pho-
toconductivity measured for a bottom gate voltage of Up-pge1 = —3V. The solid

line is a guide for the eye. Panel (b): Dependencies of the sample resistance on
the bottom gate voltage obtained at different temperatures. The inset shows
temperature dependencies of the resistance measured at different bottom gate
voltages Us-pGa1-

inversion, the photoconductivity changes its sign; see Fig. 23 and
the inset in Fig. 24(a), respectively. This observation indicates that
also in the bottom DGG, the interplay of the Seebeck and DCDR
mechanisms of the ratchet effects plays an important role; see
Sec. VII B.

5. Summary of the result on the bottom DGG devices

Our results demonstrate that the general behavior of the
ratchet effect generated in the bottom DGG devices behaves similar
to that in the conventional top DGG device. There is only a quali-
tative difference in the action of the back gate, which modifies the
lateral asymmetry parameter = in the bottom DGG structure. Our
studies indicate that the responsivity of devices with bottom DGG
structures fabricated of graphite gates was significantly lower com-
pared to those with top DGG structures produced with highly con-
ductive gold film gates. The difference in the conductivity of the
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gate materials may be responsible for the lower response detected
in the bottom DGG devices.
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